The dynamics of water vapour adsorption on silica gel coated on the metal pipe surface is studied. Those systems in which silica grains were used to coat the heat-exchanger pipes were utilized for heat-transfer enhancement in adsorption chillers. A mathematical model of this process, which takes into account the adsorption kinetics, is proposed. Experimental results for different gas velocities are presented in the form of breakthrough curves. They are used to verify the model and to determine the values of parameters characterizing the adsorption kinetics. The model is applied to predict the spatial and temporal variations of water concentration in the adsorbent layer (grains) covering the pipe and to determine the contribution of the internal mass transfer resistance (in grains) to the total mass transfer resistance (in both phases). It is revealed that the external resistance (in gas) is dominant over the internal resistance and that the contribution of the internal resistance increases with both time and gas velocity.
INTRODUCTION
Silica gel is a form of colloidal silica (Gooch 2011) and is composed of porous grains with high surface area that are able to adsorb and retain substantial quantities of water. As reported in the literature, water adsorption capacity for this adsorbent can be over 0.40 g H2O /g silicagel (Pedram and Hines 1983) . Silica gel adsorbs water because of the silanol groups on its surface (Christy 2012; Ng et al. 2001) . Some of these groups are polarized and they are the active sites for hydrogen bonding. Apart from its high surface area, silica gel has many other advantages. More importantly, it can be regenerated after use. Desorption of water occurs when grains are exposed to thermal energy or subjected under vacuum conditions (Christy 2012) . Moreover, it is mechanically, physically and thermally stable, non-toxic and non-corrosive (Afonso and Silveira 2005) . Its surface can be easily modified (Choma and Jaroniec 2007; Turova et al. 2007) . Silica gel is a material of a significant importance in process engineering. For example, it can be used for water vapour removal from ventilation air in buildings, in thermal energy storage systems or in heat pumps, air-conditioning and refrigeration systems (Gurgel and Andrade Filho 2001; Gurgel and Klüppel 1996; Rady 2009; Sun and Besant 2005; Wang et al. 2013; Wang and Wu 2014) . In the aforementioned applications, an adsorber is the main component of the system. Designing an efficient adsorption system for thermal applications requires in-depth studies about the mass and heat transfer in an adsorber and understanding these phenomena very well. Although silica gel is widely used, the state-of-the-art in the field of moisture transfer within its pores is not sufficient yet (Sun and Besant 2005) .
The aim of this work is to study water vapour adsorption on silica gel grains that were directly coated on the surface of a metal pipe. Systems with adsorbent-coated heat-exchanger pipes are used in adsorption chillers. The heat generated during adsorption is taken by a cooling liquid flowing inside the pipes. During the desorption step, the direction of heat transfer is opposite. Although studies on silica gel-coated adsorption bed were conducted by Chang et al. (2005) , only experimental results were presented in the form of charts without any generalization.
In this work, a mathematical model of the process is developed and applied for the elaboration of the experimental data. The model is based on the linear driving force (LDF) equation (Glueckauf 1955) for adsorption kinetics. The model is verified by comparing the experimental and numerical breakthrough curves for different gas velocities. A breakthrough curve presents the temporal change of component concentration in the outlet gas. The verified model is then used to predict the spatial and temporal variations of water concentration in the adsorbent layer covering the pipe and to determine the contribution of the mass transfer resistance in grains to the total mass transfer resistance in both phases.
STUDY EXPERIMENTS
A schematic diagram of the adsorber is shown in Figure 1 . A metal (copper) pipe of an external diameter 12 mm was placed in a glass pipe (internal diameter 23 mm). The grains were coated on the surface of the metal pipe using a polyvinyl alcohol-based binder as presented in Figure 2 . Air containing water vapour flew between the grains and the glass wall and water was adsorbed from the gas phase. The length of the metal pipe was 150 mm. Some space on both sides was left uncoated so as to install the pipe in the system. Thus, the length of the adsorbent layer was 130 mm. The set up was equipped with control and measuring instruments. Values of the relative humidity of the inlet and outlet gas streams were measured by PC52 converters (Michell Instruments) and recorded by an MPI-D electronic recorder (Metronic AKP, Kraków, Poland). A mass flow rate controller (Brooks Instruments) was used to keep the gas flow rate constant. The measurements were conducted for three different flow rates, namely, 3, 5 and 7 dm the following values of the apparent velocity of a gas phase: 0.165, 0.276, 0.386 m/s. During the process, the relative humidity of the inlet gas was 86% and the inlet air temperature equalled 296 K. The process temperature was maintained constant by the cooling water flowing inside the metal pipe.
Silica gel purchased from the CENTRO-CHEM company (Lublin, Poland) was used in the experimental studies. Grains of sizes between 3.0 and 3.5 mm were used. This fraction was obtained by sieving the initial material. Most of the grains were spherical (90%). Properties of this adsorbent were examined using an ASAP 2020 analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA). The following measurements were obtained: BET surface area of the grains, 653 m 2 /g; Barrett-Joyner-Halenda (BJH) adsorption cumulative volume of pores with diameter in the 1.7-300-nm range, 0.330 cm 3 /g and BJH adsorption average pore diameter (4V/A), 2.64 nm.
Studies on equilibrium of water vapour adsorption on silica gel used in the experiments were conducted. Measurements were performed at a temperature of 296 K and involved contacting grains, which had been dried before, with air containing a certain amount of water vapour in a closed vessel. The equilibrium content of moisture in grains was determined by weighing the sample. When air (C 0 ) contains 0.0178 kg/m 3 of water (which corresponds to a relative humidity of 86%), the equilibrium moisture content (q 0 ) in grains was 0.35 g H2O /g silicagel . Based on a number of other equilibrium contents, it was found that the adsorption isotherm is well approximated by the Freundlich equation with the exponent ν = 0.80.
MATHEMATICAL MODEL OF THE PROCESS
In the following model, the process is treated as adsorption in a column. It is assumed that adsorption of water occurs on spherical silica gel grains when gas flows through an adsorbent bed of height L and porosity e. Assumptions that the process is isothermic and adsorption equilibrium is non-linear are also taken. Freundlich equation is used to describe adsorption equilibrium. The mass balance for the adsorbed component in the gas phase is given as follows (Ruthven 1984) : ( 1) where C is the component concentration in a gas phase (kg/m 3 ), C i is the component concentration at the interface between the gas and solid phases, t is the time, z is the position coordinate in an adsorber (z = 0 for gas inlet, z = L for gas outlet), e is the external porosity, u is the apparent gas velocity, k g is the mass transfer coefficient and a is the specific surface area of an adsorbent layer defined by the following formula: (2) where r p is the radius of an adsorbent grain.
The distribution of component concentration during the mass transfer between gas and solid phases is presented in Figure 3 .
The LDF equation was applied for adsorption kinetics (Glueckauf 1955; Yang 1987) ( 3) where is the average concentration of the adsorbed component in the solid phase (kg/kg), q i is the concentration in the solid phase at the solid-gas interface and k s is the LDF equation coefficient, which for a spherical grain is given by the following formula (Seader and Henley 2006) : (4) where D s is the solid diffusion coefficient.
( ) The LDF equation was proposed by Glueckauf (1955) . It is based on the assumption that the mass transfer rate between the grain and its surrounding fluid is proportional to the difference between concentration at the solid-fluid interface and the average concentration in the grain. The LDF equation is the most well-known approximate kinetic equation and is often applied for mass transfer kinetics.
The equation of continuity for the adsorbed component has the following form:
The equilibrium at the gas-solid interface is described by the Freundlich model (6) The initial conditions have the following form:
The boundary condition results from maintaining the inlet gas humidity constant (8) where C 0 is the component concentration in the inlet gas (kg/m 3 ). The relationship between the concentration of water vapour in the gas phase C and the relative humidity of air j results from the following equations:
where p is the partial pressure of water vapour, p sat is the pressure of saturated water vapour, M is the molar mass of water, T is the temperature and R is the gas constant.
MASS TRANSFER RESISTANCE
On the basis of experimentally determined values of the diffusion coefficient and mass transfer coefficient, the contribution of mass transfer resistance in a certain phase (solid or gas) to the total mass transfer resistance can be found. The mass transfer resistance in adsorbent grains is proportional to the difference between the component concentration at the grain surface and the average concentration in a grain (11) The total mass transfer resistance is proportional to the difference between the equilibrium concentration in a grain and the average concentration in it z = 0; C = C 0 t = 0; C = 0, q = 0
The ratio of these two resistances defines the contribution of the mass transfer resistance in grains (internal resistance) to the total mass transfer resistance:
(13)
DETERMINATION OF THE DIFFUSION COEFFICIENT AND MASS TRANSFER COEFFICIENT
The solid diffusion coefficient is given by the following formula (Seader and Henley 2006) : (14) Density r s of the adsorbent used in the work is 1100 kg/m 3 . The symbol q 0 denotes concentration of water in grains that corresponds to the state of phase equilibrium, and is related to the concentration of water in inlet air. The tortuosity factor κ has values between 4 and 6 (Seader and Henley 2006) /s. The comparison of breakthrough curves for these coefficients is presented in Figure 4 . The plot was created for the gas velocity equal to 0.276 m/s and the mass transfer coefficient k g = 5.5 ¥ 10 -3 m/s. Determination of the k g value will be described in the next paragraph. In Figure 4 , the relative outlet concentration of water in the gas phase versus time t is presented. This relative concentration is defined as the ratio of water concentration in the outlet gas C outlet to water concentration in the inlet gas C 0 . The closed circles in Figure 4 refer to the results of experiments conducted in this work. The lines were obtained from the model of the process presented in this paper. From Figure 4 , it may be concluded that there is satisfactory agreement between experimental and numerical breakthrough curves for the diffusion coefficient (D s ) equal to 2.3 ¥ 10 -10 m 2 /s. This value was used for further calculations. The analogical procedure for determining the diffusion coefficient was also accomplished for gas velocities 0.165 and 0.386 m/s. We obtained the same value of D s for these cases as well.
Figures 5(a-c) present breakthrough curves for the three considered gas velocities (0.165, 0.276 and 0.386 m/s, respectively). The presented breakthrough curves refer to D s = 2.3 ¥ 10 -10 m 2 /s. Other process parameters are provided in Table 1 . Closed circles in Figures 5(a-c) correspond to the experimental results. It may be noticed that in each of the three considered cases, the gas flow rate was so high that the outlet gas humidity was different from zero for the initial moment of the process (t = 0 seconds). The time of contact between the adsorbent grains and the gas stream was so short that some amount of water vapour entering the adsorber remained unadsorbed even when the adsorbent bed was 'fresh' (i. Table 1 . The agreement between the experimental and numerical breakthrough curves for these coefficients is satisfactory. As can be seen, the higher the gas velocity, the higher the mass transfer coefficient was obtained, which is as expected.
CALCULATIONS BASED ON THE DETERMINED COEFFICIENTS
The proposed mathematical model and the determined values of coefficients characterizing adsorption kinetics were used to obtain Figures 6(a-c) . These figures show the change of the ratio /q 0 with the position coordinate z in the adsorber for several values of adsorption time t and the considered values of gas velocity (0.165, 0.276 and 0.386 m/s, respectively). The lines in Figures 6(a-c) correspond to the solid diffusion coefficient equal to 2.3 ¥ 10 -10 m 2 /s and to the mass transfer coefficients k g presented in the last row of the second, third and fourth column of Table 1 , respectively. For constant gas velocity, it may be seen that the longer the adsorption time, the greater the value of water concentration in the solid phase for a certain z, which is consistent with predictions. For example, for z = 130 mm (gas outlet) and gas velocity equal to 0.165 m/s [ Figure 6 (a)], the value of /q 0 is 0.370 after 3000 seconds and 0.713 after 7000 seconds of adsorption. The analysis of Figures 6(a-c) also leads to the conclusion that for all the considered gas velocities, most of the curves decrease. The higher the value of z (i.e. the longer the distance from the gas inlet), the smaller the concentration of water in the solid phase . This means that saturation of grains in systems with a metal pipe coated with an adsorbent layer occurs from the pipe bottom (gas inlet) to its top. Such behaviour is similar to processes that occur in classic packed bed adsorbers.
In Figures 7(a-c) and 8, the values of the ratio R grains /R total versus time t obtained based on the model presented in this work are shown. The value of this ratio indicates the contribution of the mass transfer resistance in grains (R grains ) to the total mass transfer resistance (R total ). Figures 7(a-c) refer to gas velocity equal to 0.165, 0.276 and 0.386 m/s, respectively. The values of R grains /R total for gas inlet, for the half of column height and for gas outlet are presented. As can be seen, the ratio R grains /R total is Ratio of average to equilibrium concentration in the solid phase q/q 0 between 0.22 and 0.32, which indicates that the resistance in the gas phase (i.e. the external resistance) can be dominant. However, it has to be taken into consideration that the resistance in the gas phase can be completely eliminated if this phase is a pure component that undergoes adsorption. It can also be seen in Figures 7(a-c) that the ratio R grains /R total , (i.e. the contribution of the internal resistance to the total resistance) increases with process time and with gas velocity. Figure 8 presents the ratio R grains /R total versus time t for the middle of adsorption column and for different values of gas velocity. The effect of gas velocity is strong. This effect results from the increase of the mass transfer coefficient, which is caused by the increase of the gas stream turbulence.
CONCLUSIONS
Adsorption of water vapour on silica gel grains directly coated on the surface of a metal pipe can be modelled analogically to the modelling of the classic adsorption in a packed bed column. The presented model for an adsorbent-coated pipe, which was based on the assumption that the process can be treated as adsorption in a column, gave the results consistent with the experimental data. It was shown that both the solid diffusion coefficient in adsorbent grains D s and the mass transfer coefficient in a gas phase k g have an influence on the breakthrough curves. For the considered system, the greatest influence of these coefficients was observed for relatively short process times. It was also found that the external mass transfer resistance (i.e. the resistance in the gas phase) has a crucial effect on the total mass transfer resistance. For the considered process of adsorption of water vapour on silica gel coated on a metal pipe, the contribution of the internal mass transfer resistance (in grains) to the total resistance was only 0.22-0.32. We also noticed that the contribution of internal mass transfer resistance increases with time and gas velocity.
NOTATION LIST
The following symbols are used in this paper: a: specific surface area; C: concentration of a component in a gas phase; D: diffusion coefficient; K F : Freundlich equation coefficient; k g : mass transfer coefficient; k s : coefficient in the LDF equation; L: length of an adsorbent layer covered on a metal pipe; M: molar mass; m: mass; p: partial pressure; q: concentration of a water in a grain; q 0 : water concentration in grains in equilibrium with water concentration in the inlet gas C 0 ; R: gas constant; r: radius; T: temperature; t: time; u: apparent velocity of a gas phase; and z: space coordinate in an adsorber.
Greek Letters
e: porosity; j: relative humidity; ν: Freundlich equation exponent; and r: density. Indexes 0: gas phase inlet; g: gas phase; i: interface between gas and solid phases; outlet: gas phase outlet; s: solid phase (adsorbent); sat: saturated vapour; *: equilibrium; and _ (over bar): average value (average over grains volume).
